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Retinal blood ﬂow insufﬁciency due to capillary loss induces hypoxia in the retina, leading to an
abnormal angiogenesis, relating to ischemic retinopathy. To better understand the mechanism and
process of retinal capillary regression, we examined the process of hyperoxia- and vascular endothelial
growth factor receptor (VEGFR) inhibitor-induced retinal capillary regression in neonatal mice. We also
investigated the effects of Ca2þ channel blockers, amlodipine and nicardipine, on hyperoxia-induced
capillary regression. The regression of capillaries adjacent to arteries began immediately after the
mice were exposed to 80% oxygen on postnatal day 7. An apparent avascular zone was established within
24 h after the initiation of oxygen exposure, whereas capillaries in the retinal vascular front were not
affected. Axitinib, an inhibitor of VEGFR tyrosine kinase, induced capillary regression throughout the
retinal vasculature. High-concentration oxygen exposure affected the capillaries on the arterial side of
the retinal circulation more preferentially than axitinib. The Ca2þ channel blockers signiﬁcantly delayed
hyperoxia-induced capillary regression and changes in the capillaries on the arterial side. These results
suggest that the decreased blood ﬂow due to arterial constriction contributes to hyperoxia-induced
capillary regression. Compounds that improve the retinal blood ﬂow may prevent ischemia by pre-
venting capillary loss.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Ocular pathological angiogenesis is an important cause of
vision-threatening eye diseases such as diabetic retinopathy, age-
related macular degeneration, and retinopathy of prematurity (1).
Vascular endothelial growth factor (VEGF) is widely recognized as a
therapeutic target for these potentially blinding diseases, and
blockade of the VEGF signaling pathway is a promising therapeutic
strategy (2e4). However, several risks associated with VEGF inhi-
bition, including impairments of normal retinal vascular growth
and retinal function, have been reported (5, 6). Therefore, further
research is necessary to identify the optimal therapy. In particular,
elucidation of the mechanisms underlying retinal blood vessel
regression is important, because blood ﬂow insufﬁciency due to(T. Nakahara).
rmacological Society.
g by Elsevier B.V. on behalf of Japa
d/4.0/).capillary nonperfusion and degeneration induces hypoxia in the
retina, leading to a poorly controlled vascularization process.
To investigate the mechanisms of retinal pathological angio-
genesis, the oxygen-induced retinopathy (OIR) mouse model is
widely used (7e9). In this model, newborn pups are exposed to 75%
oxygen from postnatal day (P) 7 to P12, followed by restoration to
room air until P17. At P17, pathological retinal vascular changes
such as the development of vascular tufts and clusters of neo-
vascularization can be observed. Many researchers have investi-
gated the mechanisms underlying pathological angiogenesis and
have found that compounds have the potential ability to prevent
the response in the OIR mouse model. The rapid formation of a
central avascular zone because of the regression of capillaries after
exposure to hyperoxia is also one of the pathological changes
occurring in the model (7e10). However, compared with studies
focusing on pathological angiogenesis, investigations aimed at
clariﬁcation of the mechanisms underlying capillary regression
have been limited. Previous studies suggested that oxidative stressnese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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present, the most well-established hypothesis is that hyperoxia
suppresses the expression of angiogenic growth factors, including
VEGF, thereby leading to endothelial cell death (14e17). Indeed, the
suppression of VEGF expression or the loss of capillaries near ar-
teries correlates with the concentration of inhaled oxygen (16). In
contrast, diltiazem, a Ca2þ channel blocker, attenuated the vaso-
constriction that occurs in the hyperoxic phase in OIR (18).
Furthermore, Lobov et al. (2011) showed that captopril, an angio-
tensin converting enzyme inhibitor, and losartan, an angiotensin II
type 1 receptor antagonist, signiﬁcantly reduced acute blood vessel
loss in OIR and that the blockade of VEGF signals did not result in a
pervasive loss of retinal capillaries (19). Thus, the maintenance of
blood ﬂow may be essential for the survival of developing retinal
capillaries.
In order to gain further insight into the process of vessel
regression, we compared the regression pattern of the retinal
vasculature between mice exposed to high oxygen concentrations
and those treated with the VEGF receptor (VEGFR) tyrosine kinase
inhibitor axitinib. We also examined the effects of Ca2þ channel
blockers, amlodipine and nicardipine, on hyperoxia-induced
capillary regression pattern.
2. Materials and methods
2.1. Animals
Adult Institute of Cancer Research (ICR) mice were obtained
from the Charles River Breeding Laboratories (Tokyo) and main-
tained on a standard diet (Oriental Yeast; Tokyo) and tap water ad
libitum. Female micewere placedwithmales, and pregnant females
were segregated and kept in separate cages with their litters. The
day of birth was determined by daily inspections and deﬁned as P0.
The litter size was standardized to 12 pups.
All animal procedures were performed at the Kitasato University
in accordance with the Association for Research in Vision and
Ophthalmology Statement on the Use of Animals in Ophthalmic
and Vision Research and the Regulations for the Care and Use of
Laboratory Animals in Kitasato University adopted by the Institu-
tional Animal Care and Use Committee for Kitasato University.
2.2. Effect of high-concentration oxygen exposure on the retinal
vasculature in neonatal mice
Pups were placed in hyperoxic conditions (80% oxygen) in an
oxygen-regulated chamber, beginning on P7, along with their
nursing mother. Oxygen concentrations were measured with a
sensor placed inside the cage and regulated by an oxygen controller
(ProOx110; Biospherix, Redﬁeld, NY, USA), as reported previously
(20). According to Protocol 1 presented in Fig. 1A, the pups were
sacriﬁced using an overdose of sodium pentobarbital (Nacalai
Tesque, Kyoto) just before (the time 0) and 6, 12, and 24 h after the
initiation of high-concentration oxygen exposure. Their eyes were
enucleated and ﬁxed for 0.5e1 h at 4 C in 4% paraformaldehyde
(PFA; Nacalai Tesque) in phosphate-buffered saline (PBS). Care was
taken that the time between the removal of pups from the high-
concentration oxygen chamber and ﬁxation of eyes did not
exceed 30 min. After ﬁxation, the cornea, lens, uvea, and sclera
were removed. The retina was post-ﬁxed and stored in methanol
at 20 C.
2.3. Effect of axitinib on the retinal vasculature in neonatal mice
According to Protocol 2 presented in Fig. 1A, pups were treated
with axitinib (10 mg/kg; SigmaeAldrich, St. Louis, MO, USA) andsacriﬁced with an overdose of sodium pentobarbital (Nacalai Tes-
que). Axitinib was dissolved in dimethyl sulfoxide (10 mg/mL),
diluted in 4% ethanol/5% Tween 80/5% polyethylene glycol 400, and
administered subcutaneously (s.c.) at a volume of 10 mL/g body
weight. Control animals were treated with the vehicle in a similar
manner. According to the procedure described above, their retinas
were obtained and stored in methanol at 20 C.
2.4. Effects of Ca2þ channel blockers on the hyperoxia-induced
capillary regression
To determine the effects of Ca2þ channel blockers on the
hyperoxia-induced capillary regression, pups were treated with
amlodipine (10 mg/kg, s.c.; Wako Pure Chemical, Osaka), nicardi-
pine (10 mg/kg, s.c.; SigmaeAldrich), or vehicle 6 h after the initi-
ation of high-concentration oxygen exposure, according to Protocol
3 presented in Fig. 1A. Amlodipine and nicardipine were adminis-
tered as a suspension in 0.5% methylcellulose in water. For drug
administration, the required time from the removal of pups from
the high-concentration oxygen chamber until their restoration to
the chamber was within 30 min. Pups were sacriﬁced, and their
retinas were obtained and stored, according to the procedure
described above.
2.5. Immunohistochemistry
Immunohistochemical analyses were performed, according to
the methods described in our previous report (20, 21). Brieﬂy,
retinas were incubated in blocking solution (5% normal goat serum)
in PBS containing 0.5% Triton X-100 (PBS-T) for 0.5e1 h at room
temperature. To visualize vascular endothelial cells, the retinas
were incubated overnight with a rat monoclonal anti-CD31 anti-
body (1:500, BD Biosciences, San Diego, CA, USA). For co-staining
endothelial cells and vascular basement membranes or smooth
muscle cells/pericytes, the tissues were incubated with a rat
monoclonal anti-CD31 antibody (BD Biosciences) and a rabbit
polyclonal anti-type IV collagen (1:8000; Cosmo Bio, Tokyo) or a
rabbit polyclonal anti-NG2 antibody (1:500; Millipore, Billerica,
MA, USA) and a Cy3-conjugated monoclonal anti-alpha-smooth
muscle actin (SMA) antibody (1:500; SigmaeAldrich). After
several rinses with PBS-T, the tissueswere incubated for 4 h at room
temperature with species-speciﬁc secondary antibodies (1:400;
Jackson ImmunoResearch, West Grove, PA, USA). The tissues were
then rinsed in PBS-T, and ﬂat-mounts were prepared with Vecta-
shield (Vector Laboratories, Burlingame, CA, USA). Images were
acquired using the ﬂuorescent microscope system BZ-9000 (Key-
ence, Osaka).
2.6. Analyses
The vascularized area on the retinal surface was divided into
three areas deﬁning the central, intermediate, and peripheral zones
(Fig. 1B). The area densities of blood vessels stained with the anti-
CD31 antibody or pericytes stained with the anti-NG2 antibody in
each zone were measured using ImageJ (NIH, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij/), as reported previously (21). Areas of
central avascular zone and total retinal surface were measured, and
the avascular areawas expressed as a percentage of the total retinal
surface area (20). The diameters of all arteries and veins were
measured at the border between the central zone and the inter-
mediate zone, and we determined the average diameter of arteries
or veins. Arteries and veins could be identiﬁed based on morpho-
logical criteria. For example, arteries tend to be smaller in diameter
than veins and can be identiﬁed by capillary-free zones, which
veins lack. The branch points on the arteries and veins were
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optical nerve head, corresponding to approximately three-quarters
of the entire vessel length.
Statistical comparisons of paired data were performed using
Student's t-test, and multigroup data were evaluated by analysis of
variance (ANOVA), followed by the TukeyeKramer post-test
(GraphPad Prism 5; GraphPad Software, San Diego, CA, USA). A P-
value <0.05 was considered statistically signiﬁcant. All values are
presented as means ± standard errors (SE).Fig. 1. Schedules for high-concentration oxygen exposure and drug treatments and a represe
CD31 antibody for the visualization of endothelial cells. A: Protocol 1, Neonatal mice were ex
treated with axitinib for 3 days from P7 to P10. Protocol 3, Neonatal mice were treated wi
oxygen exposure. B: The distance from the optic nerve head to the front of the retinal vascula
zones. The capillary density in each zone is determined in the area outlined by a dotted lin3. Results
3.1. Effect of hyperoxia on the retinal vasculature in neonatal mice
We ﬁrst determined the time-dependent changes in retinal
capillary network in whole-mounts of retina stained with the
antibody to CD31, an endothelial cell marker (Fig. 2). The
degeneration of capillaries in the central retina was observed
immediately after the initiation of 80% oxygen exposure, and anntative ﬂuorescence microscopic image of a ﬂat-mounted retina stained with the anti-
posed to 80% oxygen for 24 h from postnatal day (P) 7. Protocol 2, Neonatal mice were
th the Ca2þ channel blocker, amlodipine or nicardipine, 6 h after the initiation of 80%
r bed is divided into three equal areas deﬁning the central, intermediate, and peripheral
e. Scale bar, 100 mm.
Fig. 2. Effect of high-concentration oxygen exposure on the retinal vasculature in neonatal mice. A: Representative images of ﬂat-mounted retinas stained for endothelial cells
(CD31), obtained from mice before (a) and after 24 h (b) of 80% oxygen exposure. Scale bar, 500 mm. B: Time-course of changes in the retinal vasculature after the initiation of 80%
oxygen exposure. The “A” and “V” labels in panel [a] indicate the artery and vein, respectively. Scale bar, 70 mm. C: Bar graphs show the capillary densities in the central, inter-
mediate, and peripheral zones of the retinal vascular bed. Each column with a vertical bar represents the mean ± SE for 7e9 animals. *P < 0.05 compared with the corresponding
control value (the time 0).
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The time-course study indicated that capillary degeneration in
the central retina occurred 6 h after the initiation of high-
concentration oxygen exposure (Fig. 2Bb), and it promptlyprogressed and formed a central avascular zone in the retina
(Fig. 2Bc and Bd). However, the capillaries in the front of the
vascular bed were well preserved (Fig. 2Bc and Bd). Measure-
ments of capillary area densities in each vascular zone revealed
N. Iizuka et al. / Journal of Pharmacological Sciences 129 (2015) 107e118 111that capillaries in the central zone were markedly decreased,
while those at the peripheral zone were maintained (Fig. 2C). The
size of the central avascular zone increased close to the
maximum 24 h after the initiation of high-concentration oxygen
exposure. These observations were consistent with those of
previous reports (7, 10).Fig. 3. Effect of axitinib on the retinal vasculature in neonatal mice. A: Representative images
(a) and after (b) a 3-day treatment with axitinib (10 mg/kg subcutaneously). During axitinib t
simpliﬁed. Scale bar, 500 mm. B: Time-course of changes in the retinal vasculature during
respectively. Scale bar, 70 mm. C: Bar graphs show the capillary densities in the central, inte
bar represents the mean ± SE for 8e13 animals. *P < 0.05 compared with the correspondin3.2. Effect of axitinib on the retinal vasculature of neonatal mice
Unlike 80% oxygen exposure, the daily treatment of pups with
axitinib (10 mg/kg, s.c.) from P7 decreased the number of capil-
laries in the peripheral zone and in the central zone (Fig. 3A). The
retinal vasculatures were relatively simpliﬁed 72 h after theof ﬂat-mounted retinas stained for endothelial cells (CD31), obtained frommice before
reatment, the number of capillaries is decreased and the retinal vasculature is relatively
axitinib treatment. The “A” and “V” labels in panel [a] indicate the artery and vein,
rmediate, and peripheral zones of the retinal vascular bed. Each column with a vertical
g control value (the time 0).
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ment decreased the capillary area density in all zones in a time-
dependent manner (Fig. 3B and C). At 72 h, the decrease in
capillary area density in the peripheral zone (93 ± 1%, n ¼ 10)
was signiﬁcantly (P < 0.05) greater than that in the central zone
(73 ± 2%, n ¼ 10).
3.3. Effects of hyperoxia and axitinib on the arteries and veins
We next examined the process of retinal capillary regression
of the central zone in detail. Because empty sleeves of vascular
basement membrane, devoid of endothelial cells, are a historical
record of previously existing blood vessels (22), we performedFig. 4. The process of retinal capillary regression during high-concentration oxygen expo
endothelial cells (CD31) and basement membranes (type IV collagen), obtained from mice b
Empty sleeves of basement membrane, devoid of endothelial cells, are observed. The “A” an
200 mm. B, C: Bar graphs show the diameters of the arteries and veins and the number of br
mean ± SE for 7e9 animals. *P < 0.05 compared with the corresponding control value (thedouble-immunostaining for CD31 and type IV collagen (a major
component of the vascular basement membrane). The type IV
collagen immunoreactivities were almost completely associated
with CD31-positive blood vessels before oxygen exposure
(Fig. 4Aa, d and g). Six hours after the initiation of 80% oxygen
exposure, several empty sleeves of vascular basement membrane
were detected (Fig. 4Ab, e and h), and the number of empty
sleeves dramatically increased 12 h after the initiation of expo-
sure (Fig. 4Ac, f and i). The diameters of the arteries, but not
veins, were decreased by high-concentration oxygen exposure in
a time-dependent manner (Fig. 4B). The number of branch points
on the arteries and veins decreased during high-concentration
oxygen exposure. A signiﬁcant decrease was detected in thesure in neonatal mice. A: Representative images of ﬂat-mounted retinas stained for
efore (a, d and g) and after 6 (b, e and h) and 12 (c, f and i) h of 80% oxygen exposure.
d “V” labels in panels [a, d and g] indicate the artery and vein, respectively. Scale bar,
anch points on these arteries and veins. Each column with a vertical bar represents the
time 0).
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respectively (Fig. 4C). These results indicated that high-
concentration oxygen exposure affects the endothelial cells of
vessels on the arterial side more quickly than those of vessel on
the venous side.
Similar to those observed with high-concentration oxygen
exposure, many empty sleeves of vascular basement membrane
were detected during axitinib treatment (Fig. 5A). However, axiti-
nib decreased the diameters of both the arteries and veins (Fig. 5B),
whereas it selectively decreased the number of branch points on
the veins (Fig. 5C). These results suggest that capillaries on the
venous side of the retinal circulation are more vulnerable to the
attenuation of VEGF signals.Fig. 5. The process of retinal capillary regression during axitinib treatment in neonatal mice
and basement membranes (type IV collagen), obtained frommice before (a, d and g) and 12 (
basement membrane, devoid of endothelial cells, are observed. The “A” and “V” labels in pa
graphs show the diameters of the arteries and veins and the number of branch points on thes
animals. *P < 0.05 compared with the corresponding control value (the time 0).3.4. Effect of hyperoxia on the pericytes/smooth muscle cells of the
retinal vasculature
To address the question of why the vessels on the arterial side of
the retinal circulation are affected by high-concentration oxygen
exposure, we investigated how high-concentration oxygen expo-
sure affects the pericytes/smooth muscle cells of the retinal
vasculature. As shown in Fig. 6, the expression of alpha-SMA was
detectable in larger arterioles, but not in capillaries, whereas NG2-
positive pericytes were present on the external surface of the
vascular wall throughout the retinal vasculature in 7-day-old mice
(Fig. 6A). Twelve hours after the initiation of high-concentration
oxygen exposure, NG2-positive cells as well as CD31-positive. A: Representative images of ﬂat-mounted retinas stained for endothelial cells (CD31)
b, e and h) and 24 (c, f and i) h after the initiation of axitinib treatment. Empty sleeves of
nels [a, d, and g] indicate the artery and vein, respectively. Scale bar, 200 mm. B, C: Bar
e arteries and veins. Each columnwith a vertical bar represents the mean ± SE for 8e13
Fig. 6. Changes in endothelial cells and pericytes/smooth muscle cells after the initiation of high-concentration oxygen exposure. A, B: Representative images of ﬂat-mounted
retinas stained for endothelial cells (CD31; green), alpha-SMA (blue), and NG2 (red), obtained from mice before (A) and after 12 h of 80% oxygen exposure (B). The “A” and “V”
labels in panels [eeh] indicate the artery and vein, respectively. The white arrows show NG2-positive cells that are not associated with endothelial cells, and the pink arrowheads
indicate the constricted vessels. Scale bar, 200 mm. C: Bar graphs show area densities of CD31 and NG2 in the central and peripheral zones of the retinal vascular bed. Each column
with a vertical bar represents the mean ± SE for 4 animals. *P < 0.05 compared with the corresponding control value (the time 0). #P < 0.05.
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ripheral zone (Fig. 6B and C). No detectable changes were observed
in the distribution of alpha-SMA-positive cells, although the ar-
teries covered with alpha-SMA-positive cells exhibited constriction
(Fig. 6Beeh). These results suggest that the contraction of arterial
smooth muscle due to oxygen exposure decreases the blood ﬂow
and oxygen delivery in the peripheral tissues, thereby degenerating
endothelial cells. Interestingly, NG2-positive cells that are not
associated with endothelial cells were found in regions of degen-
erating capillaries (Fig. 6Bh). Thus, it is likely that the degeneration
of endothelial cells precedes that of pericytes in capillaries in the
central zone after the initiation of high-concentration oxygen
exposure.
3.5. Effects of Ca2þ channel blockers on hyperoxia-induced capillary
regression
Finally, we examined the effects of amlodipine and nicardipine
on hyperoxia-induced capillary regression. In both vehicle- and
amlodipine-treated mice, an apparent central avascular zone was
formed 24 h after the initiation of high-concentration oxygen
exposure. However, amlodipine-treated mice exhibited the smaller
avascular zone (Fig. 7A and D). The rate of decrease in capillary area
densities in the central zone in amlodipine-treated mice was
slower than that in vehicle-treated mice (Fig. 7B and C). The
hyperoxia-induced decreases in diameters and in artery branches
were signiﬁcantly attenuated by amlodipine (Fig. 7E and F). Similar
results were obtained when mice were treated with nicardipine
(Fig. 8). These results suggest that blockade of Ca2þ channels delays
the progression of capillary regression during high-concentration
oxygen exposure.
4. Discussion
In mice, the superﬁcial plexus forms initially and spreads radi-
ally from the optic nerve head peripherally toward the ganglion cell
layer during the ﬁrst postnatal week, and three planar vascular
plexuses are established within the following 2 weeks. During
retinal vascular development, the retinal blood vessels are highly
sensitive to hyperoxia or loss of VEGF signals, and either exposure
to high concentrations of oxygen or VEGFR inhibitors induces
endothelial cell apoptosis, leading to capillary degeneration (23,
24). We ﬁrst examined the effect of hyperoxia on the developing
retinal vasculature and obtained consistent results: 1) the regres-
sion of capillaries adjacent to large arteries began in the central
retina of neonatal mice immediately after the initiation of high-
concentration oxygen exposure, and 2) an apparent central avas-
cular zone was formed within 24 h, whereas capillaries in the
retinal vascular front persisted during high-concentration oxygen
exposure. In contrast to hyperoxia, the VEGFR inhibitor axitinib
induced the regression of capillaries throughout the retinal
vasculature. Thus, there is a marked difference in the capillary
regression pattern between high-concentration oxygen-exposed
and VEGFR inhibitor-treated neonatal mice.
In addition to the difference in the overall capillary regression
pattern, detailed analyses revealed another difference between the
process of capillary regression induced by hyperoxia and that
induced by axitinib. First, the diameters of the arteries and veins
were decreased by axitinib, whereas hyperoxia decreased the di-
ameters of the arteries, but not veins. Inhibition of the VEGF
signaling pathway in endothelial cells can cause endothelial cell
dysfunction, leading to a decrease in the amount of released
endothelial-derived vasodilator factors, including nitric oxide (25).
Decrease in endothelial-derived vasodilator factors could cause a
narrowing of blood vessels, thereby decreasing blood ﬂow. It isunclear whether the expression of VEGF receptors on endothelial
cells differs between the arterial and venous sides; however, axi-
tinibmay damage endothelial cells to a similar extent on both sides.
On the other hand, during hyperoxic conditions, a decrease in the
diameters of arteries, but not veins, was observed. This difference
may be due to the difference in the degree of association with
alpha-SMA-positive pericytes/smooth muscle cells, because the
artery covered with such cells constricted during high-
concentration oxygen exposure. Second, high-concentration oxy-
gen exposure decreased the number of arterial and venous
branches, whereas axitinib preferentially decreased the number of
venous side branches compared with the number of arterial side
branches. Interestingly, high-concentration oxygen exposure af-
fects the endothelial cells of capillaries on the arterial side more
quickly than those of capillaries on the venous side. Furthermore,
our ﬁnding of persistent NG2-positive cells on degenerating
endothelial cells suggests that the degeneration of endothelial cells
precedes that of pericytes on capillaries under hyperoxic condi-
tions. The insensitivity of axitinib in arteries relative to that in veins
can be explained by the higher number of alpha-SMA-positive
pericytes/smooth muscle cells coating the vessels, because the
transition to VEGF-independence may be based on a maturing
relationship between endothelial cells and pericytes/smooth
muscle cells (23).
In mature mice (>3 weeks old), the retinal blood vessels are
essentially nonresponsive to hyperoxia or VEGFR inhibitors (23,
24). The acquisition of resistance to hyperoxia and decreased
VEGF seems to be based on maturation of the relationship between
endothelial and mural cells (pericytes and smooth muscle cells)
(23, 24). Indeed, the sensitivity of blood vessels to axitinib treat-
ment may be explained by their immaturity and association with
pericytes/smooth muscle cells. Axitinib showed a greater decrease
in the density of capillaries in the peripheral zone, including many
developing immature blood vessels, of the retinal vascular
network, compared with that in the central zone. Large blood
vessels, such as the arteries and veins, were resistant to axitinib
treatment, although the inhibitor induced capillary regression
throughout the network. On the other hand, the immaturity of
blood vessels cannot explain the region-dependent susceptibility of
capillaries to hyperoxia, because the VEGF-dependent (axitinib-
sensitive) immature capillaries located in the developing front of
the vasculature are totally insensitive to hyperoxia. This region-
dependent susceptibility of capillaries to hyperoxia can be partly
explained by the region-dependent decrease in VEGF levels, as
indicated by the evidence that the central retina and surrounding
arteries containing the highest oxygen concentrations exhibited
the lowest VEGF levels (16). However, the presence of speciﬁc
mechanisms involving hyperoxia-induced capillary regression is
also suggested (18, 19). In the present study, we showed that Ca2þ
channel blockers signiﬁcantly delayed the progression of the
hyperoxia-induced decrease in the diameters of arteries and the
number of arterial side branches without decreasing the number of
venous side branches. The region-dependent susceptibility of
capillaries to hyperoxia seemed to be dependent on the extent of
coverage of blood vessels with alpha-SMA-positive smooth muscle
cells/pericytes. Therefore, it is likely that hyperoxia preferentially
constricts arteries and arterioles, thereby decreasing blood ﬂow.
The decreased blood ﬂow can lead to endothelial cell death,
inducing capillary degeneration (26).
In conclusion, we demonstrated the differences in retinal
region-dependency of endothelial cell susceptibility to hyperoxia
and VEGFR inhibitors by comparing the regression pattern of the
retinal vasculature between high-concentration oxygen-exposed
and VEGFR inhibitor-treated neonatal mice. The result of Ca2þ
channel blocker treatment suggests that decreased blood ﬂow due
Fig. 7. Effect of amlodipine on capillary regression during high-concentration oxygen exposure. Experiments were performed according to the procedure described in Protocol 3 of
Fig. 1A. A, B: Representative images of vascular networks in the entire (A) and central (B) portion of the retinas stained for endothelial cells (CD31), obtained from mice before and
after 12 and 24 h of 80% oxygen exposure in the absence and presence of amlodipine. The outlines of the avascular area (vascularization borders) are traced in panel A. The “A” and
“V” labels in panel B indicate the artery and vein, respectively. Scale bars, 500 mm (A) and 100 mm (B). CeF: Bar graphs show the capillary densities in the central zone of the retinal
vascular bed (C), the avascular zone in the entire retina (D), the diameters of the arteries and veins (E), and the number of branch points on the arteries and veins (F). Each column
with a vertical bar represents the mean ± SE for 5e10 animals. *P < 0.05 compared with the corresponding control value (the time 0). #P < 0.05.
N. Iizuka et al. / Journal of Pharmacological Sciences 129 (2015) 107e118116
Fig. 8. Effect of nicardipine on capillary regression during high-concentration oxygen exposure. Experiments were performed according to the procedure described in Protocol 3 of
Fig. 1A. A, B: Representative images of vascular networks in the entire (A) and central (B) portion of the retinas stained for endothelial cells (CD31), obtained from mice before and
after 12 and 24 h of 80% oxygen exposure in the absence and presence of nicardipine. The outlines of the avascular area (vascularization borders) are traced in panel A. The “A” and
“V” labels in panel B indicate the artery and vein, respectively. Scale bars, 500 mm (A) and 100 mm (B). CeF: Bar graphs show the capillary densities in the central zone of the retinal
vascular bed (C), the avascular zone in the entire retina (D), the diameters of the arteries and veins (E), and the number of branch points on the arteries and veins (F). Each column
with a vertical bar represents the mean ± SE for 5e11 animals. *P < 0.05 compared with the corresponding control value (the time 0). #P < 0.05.
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N. Iizuka et al. / Journal of Pharmacological Sciences 129 (2015) 107e118118to arterial constriction contributes to hyperoxia-induced capillary
degeneration. Because themaintenance of blood ﬂowplays a role in
the survival of retinal capillaries, compounds that improve the
retinal blood ﬂow, including Ca2þ channel blockers, may prevent
ischemia by preventing capillary loss.
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